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Abstract. We investigate the secondary relaxations and their link to the main structural relaxation in
glass-forming liquids using glycerol as a model system. We analyze the incoherent neutron scattering
signal dependence on the scattering momentum transfer, Q, in order to obtain the characteristic length
scale for diﬀerent secondary relaxations. Such a capability of neutron scattering makes it somewhat unique
and highly complementary to the traditional techniques of glass physics, such as light scattering and
broadband dielectric spectroscopy, which provide information on the time scale, but not the length scales,
of relaxation processes. The choice of suitable neutron scattering techniques depends on the time scale
of the relaxation of interest. We use neutron backscattering to identify the characteristic length scale of
0.7 A˚ for the faster secondary relaxation described in the framework of the mode-coupling theory (MCT).
Neutron spin-echo is employed to probe the slower secondary relaxation of the excess wing type at a low
temperature (∼ 1.13Tg). The characteristic length scale for this excess wing dynamics is approximately
4.7 A˚. Besides the Q-dependence, the direct coupling of neutron scattering signal to density ﬂuctuation
makes this technique indispensable for measuring the length scale of the microscopic relaxation dynamics.
1 Introduction1
The ever-increasing importance of molecular glass form-2
ers is evident in many applications, from biological pro-3
cessing [1] to organic light-emitting diodes (OLEDs) [2].4
They also form the basis of the soft colloidal glass formers5
where material properties are tuned by varying the con-6
centration [3, 4]. However, understanding the underlying7
secondary relaxation in glasses remains one of the great-8
est challenges in condensed matter physics, especially as9
far as the characteristic length scales are concerned. The10
eﬀect of glassy dynamics is reﬂected in the imaginary part11
of susceptibility χ′′ as the dominant peak (the structural α12
relaxation) followed by a shoulder or second smaller peak.13
The microscopic origin of these secondary dynamic pro-14
cesses illuminated by the shoulder or small peak remains15
in debate. Broadband dielectric spectroscopy (DS) is the16
most widely used technique for investigation of molecular17
dynamics in glass [5–8]. In this case, the aforementioned18
eﬀects are observed experimentally by measuring the di-19
electric loss permeability ε′′. In this regard, the collec-20
tive dynamics of supercooled liquids occur at a character-21
istic interaction length identiﬁed by the static structure22
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factor peak [9, 10], where the structural α relaxation is 23
predominant. On the other hand, the hidden secondary 24
processes emerge only in the supercooled state (near Tg) 25
and are diﬃcult to access by MD simulation. At Tg the 26
α relaxation is 14 orders of magnitude slower than the 27
microscopic motion, and the main peak is almost not 28
measurable with conventional techniques. As such, low 29
temperatures (T > Tg) are preferred to isolate the sec- 30
ondary process from the overwhelming α mode at high 31
temperatures (T  Tg). The three well-established sec- 32
ondary processes are the excess wing (EW) a.k.a. slow 33
β process [5–8,11–14], the Johari-Goldstein (JG) β relax- 34
ation [6,8,15–17], and the fast β relaxation [6,8,13,15–24]. 35
They generally appear at frequencies between 108 Hz and 36
1012 Hz, and were usually identiﬁed by DS [5,6,13,17,25]. 37
Materials in which a pronounced and well-separated JG 38
secondary β relaxation peak is detected are called type 39
B glass formers. Whereas, systems that exhibit a simple 40
power law at high frequencies are called type A glass form- 41
ers [16,26]. It has been predicted that for type A systems 42
like glycerol, translational [27,28] and rotational [29] mo- 43
tions of mobile particles inside a slow matrix coexist [30]. 44
In molecular dynamics (MD) simulation [31] where the 45
crossover from type A to B dynamics was studied by the 46
mean square displacement (MSD), the density correlation 47
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function analysis corroborates such predictions. The ex-48
cess wing (EW) phenomena are usually found at rela-49
tively low frequencies (ν ≥ 108 Hz) in χ′′ spectra from50
neutron and light scattering. As a result of the dominat-51
ing α-relaxation signal both in loss ε′′ and χ′′, which has52
much stronger temperature dependence, these fast dynam-53
ics merge with the α-relaxation peak at higher tempera-54
ture (T  Tg) and cannot be detected at the relatively55
high frequencies covered by almost every neutron scatter-56
ing experiment. Detection of the so-called excess wing by57
neutron scattering (NS) experiments [14, 32, 33] became58
possible very recently through a combination of state-of-59
the-art neutron spin echo (NSE) and backscattering (BS)60
spectroscopy techniques. However, the nature of the cor-61
relation between the excess wing (EW) and the secondary62
fast β process is not well understood. In this regard, com-63
pared to ionic and metallic glass formers, molecular glasses64
are easily prepared model systems for studying the evo-65
lution of the density correlation function and hence χ′′66
by NS on diﬀerent observation length scales. A proper67
quantitative analysis of such systems is important for un-68
derstanding the microscopic origin and nature of the sec-69
ondary relaxation processes, aiming to provide a better70
understanding of the unsolved problems of glasses.71
According to mode-coupling theory (MCT), the fast72
β process is related to the center-of-mass dynamics in73
the transient cage formed by the neighboring molecules,74
whereas the low frequency α peak is the relaxation mode75
by which particles escape from their cages [18,19]. On the76
other hand, the universal explanation of the generic na-77
ture and microscopic origin of the excess wing and whether78
it can be related to the fast β process, remains a mys-79
tery. Based on the predictions of Johari and Goldstein80
islands of mobility, dynamic heterogeneities, can create81
EW-like [15] response. Again, JG relaxation is related to82
the motions within a multiple-well energy landscape at a83
length scale smaller than the α relaxation [34,35]. There-84
fore, a quantitative estimation of the relevant length scale85
is signiﬁcant. In this respect, the dependence of the cor-86
responding fast dynamic relaxation over a wide range of87
momentum transfer (Q) accessible by neutron scattering88
is important. Other explanations of excess wing and JG re-89
laxation were based on the dynamically correlated domain90
model [36], the coupling model [37], and/or within exten-91
sions of the mode-coupling theory [38]. It is also not clear92
if the EW that appears as a peak or submerged shoulder93
in Type A glass formers or the well separated JG relax-94
ation peak [16,39–41] in Type B glass formers are separate95
relaxation processes [8, 16,42,43].96
Both dielectric measurements and, to some extent,97
light-scattering experiments [44, 45] on dipolar molecu-98
lar glass formers probe the excess wing and fast β pro-99
cesses, giving access to orientational motions. On the other100
hand, neutron scattering directly couples to density ﬂuc-101
tuations, and the results of the neutron scattering mea-102
surements are consistent with fast β process described103
by MCT (T > Tc) [18, 19, 23] thus highlighting the mi-104
croscopic origin of this secondary fast process. It should105
be noted that a relaxation process accessed by diﬀerent106
spectroscopic methods may vary in amplitude compared107
to the α process. This eﬀect is apparent when the ex- 108
cess wing and JG relaxation are investigated by diﬀerent 109
experimental probes like DS and light scattering. The de- 110
tected excess wing appears to be stronger when probed by 111
scattering methods compared to the DS spectra [8,46,47]. 112
Likewise, diﬀerences in the amplitudes of dynamic pro- 113
cesses in glass formers were also observed for Boson peak 114
and the fast β process [5] by diﬀerent experimental probes 115
such as neutron scattering, light scattering, and DS. In 116
fact for dipolar hard spheres, MCT based calculation of 117
the non-ergodicity parameter predicts that the relaxation 118
strength of the α peak from NS can be much smaller than 119
that obtained from DS [48,49]. The present work aims to 120
achieve a better understanding of secondary relaxations in 121
glass at diﬀerent length scales. This should enable us to 122
determine the extent of the underlying local constraints. 123
Recent results show the eﬀect on the NS spectra of the 124
excess wing in an aqueous solution of LiCl [32, 33] and in 125
a mixture of glycerol and LiCl [14] at low temperatures. 126
Hence, in our present work, we utilize NS experimental 127
techniques at low temperature to conduct a detailed in- 128
vestigation of the underlying fast dynamics and their con- 129
nection to the characteristic length scales. In this paper we 130
show incoherent neutron scattering results from neutron 131
spin echo (NSE) and incoherent quasi-elastic neutron scat- 132
tering (QENS) results obtained by backscattering (BS) 133
spectroscopy. From the NSE measurements we obtain data 134
for long Fourier time scales of the order of 100 ns, which 135
corresponds to a lower frequency limit of about 107 Hz. 136
The results from neutron backscattering (BS) experiments 137
cover a relaxation time range of the order of 10−11–10−9 s. 138
Employing both NSE and BS, we studied in detail the Q- 139
dependence of the fast dynamics in pure glycerol. For this 140
reason we choose a low temperature (215K ∼ 1.13Tg) [50] 141
around which EW and α relaxation mode is well sepa- 142
rated, [14] thereby making the system an ideal candidate 1143
for for such investigation [25]. In the current paper we 144
report the results of this study. 145
2 Experimental details 146
For the incoherent NSE, backscattering and dielectric 147
spectroscopy, glycerol-H8 (C3H8O3) of ≥ 99.5% purity 148
from Sigma-Aldrich was bought. To ensure the absence 149
of water in hygroscopic glycerol, the sample was treated 150
inside a glovebox in an inert (helium) atmosphere, with 151
water vapor content less than 0.1 ppm. There the glycerol 152
was transferred from a sealed bottle (Sigma Aldrich) to 153
the aluminum sample containers directly without further 154
processing. The sample container was then sealed using 155
indium wire and the leakage was measured using a helium 156
detector (the leakage rate was less than 10−9). 157
The quasi-elastic neutron scattering experiments were 158
performed at the Spallation Neutron Source (SNS) at 159
Oak Ridge National Laboratory (ORNL) using the BS 160
spectrometer BASIS [51] and the Spin Echo spectrome- 161
ter SNS-NSE [52]. The energy resolution at BASIS (full- 162
width at half maximum FWHM, Q-averaged value) was 163
3.5μeV and the dynamic range selected for analysis was 164
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±120μeV. The sample was loaded into an annular alu-165
minum cylindrical sample holder with an outer diame-166
ter of 29.0mm and an inner diameter of 28.9mm, result-167
ing in a sample thickness of approximately 0.05mm. This168
sample thickness was chosen to keep the transmission of169
the incoming neutron beam ≥ 95%, in order to minimize170
multiple scattering. The low temperature (20K) sample171
measurement was used as the resolution function for the172
experiment. The data reduction was performed with the173
standard MANTID software package [53] of the BASIS174
instrument. At the NSE experiment an incoming wave-175
length band from 5 to 8 A˚ with 42 time channels for the176
time-of-ﬂight data acquisition was chosen. This allowed177
us to access a dynamic range of 2 ps ≤ t ≤ 100 ns. The178
Q-range was 0.2–0.3 A˚−1. For the measured incoherent179
NSE data, corrections were performed using the resolu-180
tion data from a TiZr sample and the background from181
the empty cell. We used ﬂat aluminum sample containers182
maintaining a sample thickness of 0.1mm, sealed with in-183
dium wires. The data reduction was performed with the184
standard ECHODET software package of the SNS-NSE185
instrument [54–56].186
3 Results and discussion187
We studied the microscopic length scale dependencies of188
fast dynamics in a type A molecular glass former, glycerol,189
with incoherent Neutron scattering. We systematically fol-190
lowed the steps summarized below.191
– We started with the comparison between the well-192
documented α-relaxation time τα from DS [5, 6, 39]193
and the self-diﬀusion coeﬀecient Dself of the glycerol194
molecule to obtain the speciﬁc τα at ∼ 215K, where195
excess wing is dominant [5, 6, 25].196
– To achieve this, we calculated Dself using the hydro-197
dynamic radius of the glycerol molecule. We extracted198
the eﬀective self-diﬀusion coeﬃcient for α-relaxation199
(Dα) by comparing the scaled 1/Dself with dielectric200
loss spectra at 215K (ﬁg. 1).201
– Once obtained, the parameter Dα can be scaled with202
the scattering momentum transfer, Q, to yield the cor-203
responding τα for glycerol from the τα = 1/(DαQ2.2)204
scaling [57]. This allows us to explain the NSE data in205
the time-space (ﬁg. 2) by using a two-step KWW func-206
tion (eq. (2)), one for the slow α-relaxation mode (τα,207
βα) and the other for the relatively faster, shallow EW208
mode (τEW, βEW), in order to obtain an estimation of209
their relative strengths. The corresponding stretched210
exponents are kept ﬁxed as follows: for the α mode:211
βα = 0.7 [14, 58]; EW mode: βEW = 0.4 from the ob-212
served EW power-law fall-oﬀ in dielectric data [5, 6].213
The only ﬁtting parameters are the relative strength214
factor, p(Q), and EW relaxation time, τEW. The latter215
parameter is veriﬁed to be in a close proximity to the216
dielectric EW relaxation time (ﬁg. 1). We have veriﬁed217
that the NSE signal decay as a function of Fourier time218
is incompatible with the presence of the α relaxation219
alone.220
Fig. 1. A comparative Arrhenius representation for molecu-
lar glass former glycerol is illustrated. The α-relaxation times
(black) and the red lines are of the excess wing relaxation deter-
mined from dielectric spectroscopy [5,6,39]. The open squares
represent the inverse of the self-diﬀusion (1/Dself) coeﬃcient as
calculated based on the size and viscosity data taken from the
literature [59,60]. The star represents the value of equivalent ef-
fective diﬀusion coeﬃcient for the α-relaxation Dα as explained
in the text. The inset shows a hypothesized schematic diagram
of the microscopic relaxation dynamics of glasses adopted from
ref. [33], where the temperatures and relaxation times are ap-
proximate.
– Next, to explain the backscattering data in ﬁg. 3 in the 221
energy-space we used single Fourier-transformed (FT)- 222
KWW (eq. (4)) for the underlying fast mode (τfast, 223
βfast). To estimate its relative strength with respect 224
to the slow dynamic process we used the mixing ratio 225
p(Q). The ﬁtted parameters are the p(Q), τfast and 226
βfast for diﬀerent Q’s (ﬁg. 5). 227
– Finally, the obtained Q-dependence of the relative 228
strength parameter, p(Q), from NSE and BS is used to 229
extract the characteristic relative length scales of the 230
slow and fast secondary relaxation processes, respec- 231
tively. (ﬁg. 4). 232
– Figure 5 was used to examine the Q-dependence of the 233
relaxation times obtained for various processes. 234
– To determine the true nature of the fast relaxation 235
mode 〈τfast〉, a comparative study between dielectric 236
loss ε′′ and loss susceptibility χ′′ from BS data was 237
performed in the frequency space (ﬁg. 6). 238
Figure 1 shows an Arrhenius representation for molec- 239
ular glass former, glycerol, based on dielectric relaxation 240
times τε [5, 6, 39]. The α-relaxation times (τα) and the 241
excess-wing relaxation (τEW) or slow β relaxations are 242
represented by the solid lines. As shown in the legends, 243
they are determined using the dielectric loss spectra ε′′. 244
The open symbols are the inverse of vertically scaled self- 245
diﬀusion coeﬃcients (1/Dself) and are calculated using 246
the size and viscosity data from the literature consider- 247
ing the hydrodynamic radius of glycerol molecule to be 248
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Fig. 2. Normalized dynamic structure factor S(Q, t)/S(Q, 0)
at Q = 0.236 A˚−1, 0.259 A˚−1 and 0.3 A˚−1 for pure glycerol
measured at 215K which is indicated in the legend. The solid
lines are ﬁts using eq. (2) with ﬁxed parameters from the di-
electric α-relaxation, as described in the text. The dotted lines
are calculated for single KWW representing corresponding α
relaxation modes τα for better illustration. Inset shows magni-
ﬁed initial decay.
1.6 A˚ [59, 60]. The inset shows a hypothesized schematic249
diagram of the microscopic relaxation dynamics of glasses250
adopted from ref. [33], wherein the temperatures and re-251
laxation times are approximate. A comparison between252
vertically shifted 1/Dself and τε from dielectric spec-253
troscopy Arrhenius plot univocally illustrates the fact that254
they are the same structural α relaxation phenomena.255
Our point of interest is the low temperature response at256
215±2K (along the vertical dashed line). At this temper-257
ature, the well-pronounced eﬀect of excess wing process is258
observed in glycerol [5,6,14,25]. Based on the correspond-259
ing self-diﬀusion coeﬃcient (marked by a star), one can260
deﬁne the so-called eﬀective diﬀusion coeﬃcient for the261
structural α-relaxation (Dα). For pure glycerol we obtain262
Dα = 3.255 × 10−7 A˚2ns−1 at 215K. This value of Dα263
is used in the further course of this work to scale the α-264
relaxation times following τα = 1/(DαQ2.2) [57], with the265
observations made in a neutron scattering experiment at266
diﬀerent momentum transfer Q. At this particular tem-267
perature (215K) one expects the presence of both EW268
and fast β relaxations in the system (inset of ﬁg. 1), both269
coupled to the center-of-mass relaxations without involv-270
ing intra-molecular relaxations [33]. The main goal of this271
paper is the detailed investigation and veriﬁcation of these272
relaxation modes in order to determine their characteristic273
length scales.274
The Q dependence of the eﬀective self-diﬀusion co-275
eﬃcient (Dα) from ﬁg. 1 is used to directly couple the276
structural α relaxation mode with density correlators mea-277
sured by neutron scattering. For this, we perform inco-278
herent neutron spin echo (NSE) measurements on pure279
glycerol-H8, measured at 215K, for a Q = 0.2–0.3 A˚−1, as280
shown in ﬁg. 2. NSE spectroscopy measures the normal-281
ized dynamic structure factor or the intermediate scatter- 282
ing function S(Q, t)/S(Q, 0) as a function of Fourier time 283
at a given momentum transfer Q. However, because of the 284
1/3rd probability of spin-ﬂip for spin incoherent scatter- 285
ing at the NSE instrument, we measure the normalized 286
total signal as the sum of coherent and incoherent scat- 287
tering [54–56], i.e. 288
INSE(Q, t) =
σcohScoh(Q, t)− 13σincSinc(Q, t)
σcohScoh(Q, 0)− 13σincSinc(Q, 0)
. (1)
Here σcoh and σinc are the coherent and incoherent scat- 289
tering cross-sections, respectively. Scoh(Q, t) and Sinc(Q, t) 290
correspond to coherent and incoherent intermediate scat- 291
tering functions, respectively. The solid lines in ﬁg. 2, il- 292
lustrate the incoherent data modeling by a two-step re- 293
laxation function, that combines two [14, 33] Kohlrausch- 294
Williams-Watts (KWW) functions [61,62], namely 295
Φ(t) = A
[
p(Q) exp
{
−
(
t
τα
)βα}
+(1− p(Q)) exp
{
−
(
t
τEW
)βEW}]
. (2)
Here, p(Q) is the relative strength factor of the α process; 296
p(Q) = 1 leads to a single step arising from the α relax- 297
ation as shown by the dashed lines. The average relaxation 298
time is deﬁned by 〈τ〉 = (τKWW/βKWW)Γ (1/βKWW) [57, 299
63], where Γ denotes the Gamma function. At ﬁrst glance, 300
it may seem diﬃcult to distinguish between the one or two 301
component interpretations of the data presented in ﬁg. 2. 302
Further examination from DS reveals that the α relaxation 303
is clearly slower (∼ 107 ns) than any other process, so the 304
obvious decay of the S(Q, t)/S(Q, 0) must be due to addi- 305
tional faster process. For the Q-dependence of α relaxation 306
time, τα, we used Q−2.2 scaling for glycerol following Wut- 307
tke et al. [57]. Thereby, we used the eﬀective self-diﬀusion 308
coeﬃcient scaling (from ﬁg. 1) as τα = 1/(DαQ2.2) to ﬁx 309
the corresponding τα constant over the ﬁts (dashed line 310
in ﬁg. 2). The stretching parameter of the α relaxation 311
was set to βα = 0.7 following our previous NSE stud- 312
ies at higher temperatures [14] and Wuttke et al. [58] for 313
glycerol. In fact ﬁg. 2 and its inset clearly shows that the 314
single KWW ﬁts for α relaxation failed to represent the 315
observed decay. Hence a two step KWW (eq. (2)) is nec- 316
essary. The amplitude A in eq. (2) represents the Debye- 317
Waller (DW) factor [64]. It yields a vlaue between 0.92 318
to 0.97 (< 1). This highlights the presence of faster pro- 319
cess like the fast β and vibrational dynamics. The width 320
parameter for the excess wing (EW) process was kept con- 321
stant at βEW = 0.4, following the EW power-law fall-oﬀ in 322
dielectric and NSE measurements [14,25]. The free param- 323
eters used in the ﬁts are p(Q) and the EW relaxation time. 324
The average Fourier-time obtained from the NSE data is 325
〈τEW〉 = 526±182 ns over a Q-range of 0.2-0.3 A˚−1, which 326
lies in close vicinity of the dielectric relaxation time, τε, 327
from DS (cf. ﬁg. 1) [5, 6, 25]. Here p(Q) is the elastic in- 328
coherent structure factor (EISF) for the β-slow relaxation 329
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Fig. 3. BS data for pure glycerol at low temperature of 215K,
measured at Q = 0.35 A˚
−1
(a) and 0.75 A˚−1 (b). The shaded
regions represent the resolution. The solid lines represent the ﬁt
using eqs. (3) and (4) as described in the text. Here the elastic
resolution measured at 20K is convoluted with the model.
motions in the transient conﬁnement. Its signiﬁcance lies330
in the Q-dependence, which yields the characteristic size of331
the dynamic entities associated with the secondary relax-332
ations. Equation (2) depicts the single-particle dynamics333
and is valid for hydrogenated samples that scatter neu-334
trons predominantly incoherently. It is to be noted that335
over the Q-range accessible by NSE, very slight, if any, Q-336
dependence of the 〈τEW〉 was observed. This supports the337
assumption that excess-wing is a result of localized mo-338
tions rather than diﬀusive (which would be ∼ Q−2 depen-339
dent) motions. At higher Q’s the dynamic coherent con-340
tribution Scoh(Q, t) from the α relaxation increases on ap-341
proaching the structure factor peak (Q0 ∼ 1.44 A˚−1) [58],342
whereas the dynamic incoherent contributions Sinc(Q, t)343
would remain unchanged in eq. (1). Since the coherent α344
relaxation contribution, Scoh(Q, t), which is in the order345
of a 10−4 s (cf. ﬁg. 1), starts to dominate we begin ob-346
serving a ﬂat elastic signal for the slow dynamics within347
the NSE time window. Therefore, in order to access the348
faster dynamics and their length scales, we perform neu-349
tron backscattering (BS) experiments.350
As a representative example, ﬁg. 3 illustrates our351
quasi-elastic neutron scattering (QENS) data from BASIS352
backscattering spectroscopy at ﬁxed temperature, T =353
215K for Q = 0.35 and 0.75 A˚−1, normalized to unity.354
Similar measurements are done over a Q-range of 0.35 to355
1.15 A˚−1. Here we perform an incoherent QENS study on356
pure glycerol-H8. The BS data were acquired at the edge357
of the instrument resolution but with long measurement 358
times to obtain the best measurement statistics. All ob- 359
tained BS results were ﬁtted for each Q value using the 360
following expression: 361
I(Q,E) =
[
p(Q)δ(E) + (1− p(Q))S(Q,E)
]
⊗R(Q,E)
+B(Q,E) (3)
Here δ(E) is the delta function centered at zero energy 362
transfer. p(Q) represents the fraction of the elastic scat- 363
tering or the elastic incoherent structure factor (EISF). 364
It is the relative strength factor of the slow EW dynam- 365
ics which are not accessible by BS. The corresponding α 366
relaxation is too slow (107 ns) to have any eﬀect on the 367
BS data. B(Q,E) is the elastic linear background term 368
arising from various contributions [66]. S(Q,E) is the dy- 369
namic structure factor in the frequency space. R(Q,E) is 370
the resolution function, and ⊗ denotes the convolution. 371
For the BASIS spectrometer the elastic resolution was 372
measured from low temperature (20K) sample. We used 373
a single Fourier transformed (FT) KWW function [61,62] 374
in the time space to describe the dynamic structure factor 375
in frequency or energy space as 376
S(Q,E) =
∞∫
0
dtei
E
h¯ t exp
{
−
(
t
τfast
)βfast}
. (4)
The exponent βfast determines the stretching of the 377
exponential function, whereas τfast represents the relax- 378
ation time of the fast dynamics with ω = E/h¯, the an- 379
gular frequency. It is to be noted that combination of 380
eq. (3) and eq. (4) is based on the same formalism as 381
used in eq. (2) but a constant p(Q) represents the spec- 382
tral weight of the slow α relaxation in eq. (2) and of the 383
EW in eq. (3). The FT-KWW is computed by C based li- 384
brary by Wuttke et al. [67], following in house C++ code 385
for Levenberg-Marquardt ﬁtting. It is represented in ﬁg. 3 386
by the solid line that is convoluted with the experimen- 387
tal resolution. The corresponding fast dynamic illustrated 388
by the shaded area is also convoluted with the resolu- 389
tion data and weighted by (1 − p(Q)), to be consistent 390
with eq. (4). For the fast dynamics over a Q range 0.25 391
to 1.05 A˚−1, the extracted values of the stretched expo- 392
nent, βfast, vary between 0.3 and 0.4. The correspond- 393
ing mean relaxation time 〈τfast〉 = 0.026 ± 0.008 ns. It 394
is by a factor ∼ 2 × 104 less than 〈τEW〉 and by a factor 395
∼ 4×108 less than τα. In ﬁg. 4 the relative strength param- 396
eter, p(Q), is plotted as a function of momentum transfer, 397
Q. The solid lines are diﬀusion in a sphere model ﬁts, 398
p(Q) = [(3j1(QR)/(QR)]2 [65], where j1 is the ﬁrst or- 399
der spherical Bessel function. The “diﬀusion in a sphere” 400
model, originally developed to describe diﬀusion in pores 401
with impenetrable boundaries, in materials such as silica, 402
is applicable in the same manner to diﬀusion in transient 403
conﬁnement. From the standpoint of the fast secondary re- 404
laxation process, the diﬀusing particle experiences a con- 405
ﬁnement caused by the neighboring particles, until the 406
time the cage of the neighboring particles relaxes through 407
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Fig. 4. The Q dependence of p(Q) from eq. (2) (NSE) and
eq. (4) (BS) ﬁtted by diﬀusion in a sphere model (solid
lines) [65], yielding 4.7 A˚ and 0.65 A˚ for EW and fast mode,
respectively. Here p(Q) from BS data represents the relative
strength of slow EW with respect to fast relaxation. p(Q) from
NSE data represents relative strength of slow α-relaxation with
respect to EW.
the slower, main structural relaxation process. Determina-408
tion of dimensions of such transient conﬁnement for vari-409
ous secondary relaxation processes is the main goal of the410
present work. In ﬁg. 4, the downward triangles from BS411
data (eq. (4)) represent the spectral weight of the EW412
process with respect to the EW and fast dynamics consid-413
ered together. This yields a transient conﬁnement length414
of R = 0.65 ± 0.02 A˚. The corresponding value for near-415
ambient water was 0.73 A˚ [68]. The upward triangles from416
NSE data (eq. (2)) represent the spectral weight of the417
slow α relaxation with respect to the α and EW process418
considered together. This yields a radius of transient con-419
ﬁnement R = 4.7±0.2 A˚. These two diﬀerent length scales420
are important. A radius of 4.7 A˚ signiﬁes a transient con-421
ﬁnement “cage” in which the EW process takes place, but422
the corresponding fast event occurred within a conﬁne-423
ment radius of 0.65 A˚ [32, 33] —a factor of 7 smaller. It424
should be noted that the value for the p(Q) and, ulti-425
mately, the spatial extent of the EW relaxation can be426
somewhat dependent on the choice of the βEW parame-427
ter. However, we have veriﬁed that changing βEW from428
0.4 to 0.3, the lowest value compatible with the dielectric429
data at higher frequency, results in a change of the pa-430
rameter R from 4.7 to 4.2 A˚. That is, the spatial extent of431
the EW relaxation much exceeds (by almost an order of432
magnitude) the spatial extent of the fast secondary relax-433
ation, irrespective of the details of the ﬁt procedure. These434
results suggest the localized nature of the center-of-mass435
motions associated with both fast and slow secondary re-436
laxations, although with an order of magnitude diﬀerence437
in the localization scale.438
In ﬁg. 5 we illustrate the Q-dependence of all the439
diﬀerent mean relaxation times, 〈τ〉, over a Q range,440
0.2–1.15 A˚−1, obtained from BS and NSE spectroscopy441
in a log-log representation. The solid line depicts the442
Fig. 5. The Q-dependence of the diﬀerent mean relaxation
times 〈τ〉 over a Q range 0.2–1.15 A˚−1 obtained from BS and
NSE spectroscopy in a log-log representation. The solid line
illustrates the power-law scaling of the α relaxation time de-
picting τα ∼ Q−2 dependence [57], with the open circles the τα
used to extract 〈τEW〉 from NSE. The open upward triangles
represent the corresponding EW relaxation 〈τEW〉 as obtained
from the ﬁts shown in ﬁg. 2 (NSE) with α relaxation together
with EW. The open squares denote the value of fast-relaxation
〈τfast〉 as obtained from BS data as obtained from the ﬁts fol-
lowing ﬁg. 4(b) with EW together with the fast mode. The
shaded area illustrates the variation of the corresponding mean
relaxation time.
power-law scaling of α relaxation time representing τα = 443
1/(DαQ2.2) dependence [57]. The open circles are the cal- 444
culated values of τα used to extract 〈τEW〉 from NSE. 445
The open upward triangles represent the EW relaxation, 446
〈τEW〉, as obtained from NSE. The extracted values of 447
〈τEW〉 vary between 694 and 332 ns, which is represented 448
by the shaded area. The fast relaxation time, 〈τfast〉, 449
obtained from the BS data is represented by the open 450
squares. Here the shaded area illustrates the variation of 451
mean relaxation time 〈τfast〉 between 0.015 and 0.05 ns. 452
The dashed line represents the average values of the cor- 453
responding relaxation times. 454
To determine the nature of the fast dynamic with 455
relaxation time 〈τfast〉 we have compared the BS re- 456
sults to the well-established broadband dielectric mea- 457
surements [6]. Therefore, to make a comparison with the 458
dielectric loss permittivity, ε′′, we calculated the corre- 459
sponding loss susceptibility, χ′′, from neutron BS inter- 460
mediate scattering function S(Q,ω) in the energy or fre- 461
quency space ν = ω/2π = E/h¯. The loss susceptibility is 462
derived from neutron scattering anti-Stokes spectra by 463
χ′′(Q,ω) = (S(Q,ω))/(n(ω, T )), (5)
where (n(ω, T ) is the Bose factor at an absolute temper- 2464
ature T [23, 65]. The corresponding dielectric loss ε′′ at 465
213K from DS [5,6,39] and loss χ′′ at 215± 2K from the 466
BS data are shown in ﬁg. 6(a) and (b), respectively, in a 467
log-log representation. The vertical dashed lines in ﬁg. 6(a) 468
illustrate the position of relaxation times in the frequency 469
space which was obtained from the average Fourier time, 470
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Fig. 6. (a) Broadband dielectric loss data of pure glycerol for
low temperature (213K), from ref. [6]. The lines are guides
to the eye. The vertical dashed lines show the position of the
average Fourier times 〈τ〉 = 1/(2πν) in frequency space for
EW and fast mode as obtained from NSE and BS spectroscopy.
The corresponding stretched exponents reﬂect the power law
dependencies. (b) Loss χ′′ covering a Q range 0.2–1.05 A˚−1
as described in the legend, calculated from the BS data. The
shaded area illustrates the BS dynamic range.
〈τEW〉, from NSE and, 〈τfast〉, from BS data. The corre-471
sponding average value of the stretched exponent βEW and472
βfast represents a power-law fall-oﬀ in the frequency space.473
As shown in ﬁg. 6(b), the BS data covers a dynamic fre-474
quency range of 2 × 109–3 × 1010 Hz, since the data for475
ν < 2 × 109 Hz is masked by the instrument resolution476
(shaded area). Here we report the calculated loss χ′′, cov-477
ering a Q range 0.35 to 1.05 A˚−1 as described in the leg-478
end. Interestingly, the position of the fast relaxation mode479
(〈τfast〉 = 1/(2πνfast)) in ﬁg. 6(a), lies on a broad shallow480
minima of the loss ε′′, which manifests a distinguished481
shoulder-like response in the loss χ′′ spectra in ﬁg. 6(b).482
For diﬀerent Q’s, the positions of the shoulder, the na-483
ture of the minima around 1010 Hz and the shallow peak484
around 2 × 1010 Hz remain unchanged. It unequivocally485
conﬁrms the Q-independent nature of the underlying fast486
dynamics, which clearly bears the signature of a localized487
fast β process. It should be noted that the shallow peak488
around 2×1010 Hz could not be the so-called Boson peak,489
as this only occurs at THz region for glycerol [25]. The490
fast β process, as described in the framework of idealized491
MCT [18,19,23,25] is valid only above a critical cross over492
temperature, T > Tc (or T > 1.2Tg). In the framework493
of extended MCT, [5, 18, 19, 49] Tc represents a crossover 494
temperature from the dominating cage eﬀect in the liquid 495
phase to the activated hopping processes at lower tem- 496
peratures. For pure glycerol, Tc = 262K [25, 50] from DS 497
and 225K from NS [23] has been reported. However, in 498
our case for pure glycerol at temperature around 215K 499
(∼ 1.13Tg, glass transition at Tg ∼ 190K [50]), the sys- 500
tem is below the crossover temperature (T < Tc), where 501
a strong deviation from idealized MCT scaling has been 502
previously observed for pure glycerol [23,25,50]. Here, the 503
particle dynamics are considered to be almost frozen in 504
an eﬀective free-energy landscape, and the shallow mini- 505
mum could be the eﬀect of thermally activated hopping 506
mechanism [26,69]. Also the limited frequency window of 507
QENS BS data prevents us from investigating the hopping 508
eﬀects as proposed by extended MCT [49] for propylene 509
carbonate. 510
Being a type A glass former, glycerol exhibits EW 511
rather than a well-separated pronounced secondary peaks 512
as observed in type B glass formers [16, 42, 43]. The EW 513
is just the high-frequency ﬂank of the underlying β pro- 514
cess overwhelmed by the dominating α relaxation, which 515
could bear the same microscopic origin [25, 39, 50]. How- 516
ever, it is well known that in dielectric spectroscopy the 517
relative amplitude is weaker than that of the suscepti- 518
bilities determined by neutron and light scattering meth- 519
ods [13,25,50]. This excess amplitude might be one of the 520
reasons as to why we see a shallow shoulder for the loss 521
χ′′, in ﬁg. 6(b) for the 〈τfast〉 mode, when the correspond- 522
ing dielectric loss ε′′, shows a broad minimum in ﬁg. 6(a). 523
On the other hand, it has been reported recently that in 524
benzophenone [70, 71] the fast β process could lead to a 525
symmetrically broadened shoulder, well approximated by 526
a Cole-Cole (CC) like behavior [70], at the high-frequency 527
ﬂank of the α relaxation peak. At high temperatures in 528
benzophenone the fast β process becomes completely sub- 529
merged under the dominating α peak. In this regard, one 530
cannot completely ignore similar behavior for the occur- 531
rence of a shallow shoulder in ﬁg. 6(b) from neutron scat- 532
tering. It might be related to the diﬀerent coupling of the 533
tensorial properties in these experimental probes [45, 48]. 534
Dielectric experiments probe the reorientational motions 535
of the glycerol molecules, whereas neutron scattering has 536
access to the density ﬂuctuations and translational degrees 537
of freedom of the particles. The simpliﬁed MCT deals with 538
a single correlator. However, more advanced MCT mod- 539
els [26,49] with a second correlator for the reorientational 540
dynamics can be fruitful to determine the diﬀerence be- 541
tween dielectric and neutron scattering data. 542
4 Summary and conclusions 543
In the present work, we studied the microscopic length 544
scale dependence of secondary relaxations in a type A 545
molecular glass former, glycerol, using incoherent quasi- 546
elastic neutron scattering methods. QENS experiments 547
routinely yield single-particle diﬀusion jump length, but 548
in this work we measure very diﬀerent quantities. The ex- 549
planation of the meaning of transient conﬁnement radii is 550
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more intuitive for the case of the fast relaxation dynamics,551
which is commonly understood as motion in the transient552
cage of the neighboring particles, which eventually dissi-553
pates through the main structural relaxation process. In554
the presence of the transient caging eﬀect, the time evo-555
lution of the mean-squared displacement (MSD) exhibits556
a transition from the caged to the long-range diﬀusive557
regime, at particular values of time and displacement. It558
is this MSD transition value between the diﬀerent regimes559
that determines the characteristic length scale of the faster560
“in cage” relaxation. By applying the same formalism to561
the EW, or slow secondary relaxations, we infer that the562
experimentally determined Q-dependence of such relax-563
ations originates from the underlying characteristic length564
manifesting in the mean-squared displacement time de-565
pendence. The diﬀerent regimes in the MSD time depen-566
dence may manifest themselves in the multi-component567
decay of the intermediate scattering function (in NSE ex-568
periments) of the superposition of scattering components569
centered at zero energy transfer (in BS experiments). This570
approach using NSE allowed us to assess the underlying571
excess wing process as 〈τEW〉 as was corroborated by the572
dielectric spectroscopy results at low temperature (215K).573
The corresponding Q-dependence of the relative strength574
factor yields the conﬁnement length of 4.7 A˚ for the EW575
process with respect to the slow α process. Additional ex-576
perimental ﬁndings from BS spectroscopy strongly point577
to contributions from a faster process 〈τfast〉. The cor-578
responding Q-dependence of the relative strength factor579
yields the conﬁnement length of the associated cage of580
0.65 A˚ for the fast process with respect to the EW pro-581
cess. This is ∼ 7 times smaller than the spatial extent582
determined for the excess wing. Compared to broadband583
dielectric data for dielectric loss, ε′′, the corresponding584
loss χ′′ for the fast process shows the signature of fast β585
relaxation at T < Tc. The average relaxation time of the586
fast dynamics 〈τfast〉 shows Q-independent behavior over a587
Q range from 0.2 to 1.05 A˚−1. Therefore, the excess-wing588
relaxation and fast β process not only reﬂect merely reori-589
entational dynamics, as evident from dielectric investiga-590
tions, but, also are detectable by incoherent neutron scat-591
tering, which couples directly to density ﬂuctuations. Our592
results clearly highlight the length scale dependencies of593
the secondary dynamic processes in glycerol, which points594
towards similar localized microscopic origins of the dif-595
ferent types of secondary relaxations. Furthermore, they596
yield the conﬁnement length scales of the excess wing and597
fast β relaxation. Qualitatively, the results reported here598
are of general nature, and their applicability is not limited599
speciﬁcally to glycerol. The spatial extent of the fast sec-600
ondary relaxation process has been reported for several601
liquid systems, including some temperature dependence602
results, using the same approach as we apply in this work.603
On the other hand, to date the EW or slow secondary604
relaxations have been analyzed in this manner only for605
aqueous systems and glycerol, including the present work606
and some previous work by the same authors. However,607
we believe that such analysis is applicable to liquid sys-608
tems in general, provided that crystallization at low tem-609
peratures can be avoided, and the secondary relaxations 610
exhibit suﬃcient relative spectral strength. In general the 611
relationship between the microscopic dynamics and local- 612
ized translational and reorientational motions is crucial for 613
understanding the unsolved mysteries of glassy dynamics. 614
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